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FOREWORD *

The papers presented in this volume are the outgrowth of the first national
conference on the subject of nuclear propulsion for rockets, ramjets, and space

vehicles. The Nuclear Propulsion Conference itself was held at Monterey,

California, at the U. S. Naval Postgraduate School, and was jointly sponsored by
the American Rocket Society, the Institute of Aerospace Sciences, and the
American Nuclear Society; the three largest and most vigorous technical societies

concerned with nuclear propulsion.

This volume follows the typical organization of the Conference, though the
order of subjects is different here than at Monterey. Included here are many of .
the good papers submitted, but which were not presented at the Conference because
of time limitations. Those presented are grouped first in each section. There

is no Index to the volume.

At the beginning of planning, late in 1960, the organizing committee felt
that a serious lack of exchange of information was already confusing work in
nuclear propulsion and would soon significantly hamper such work. Yet, because
of‘%he nature of the work i§§elf, it was obvious that any technical forum supplied
by the societies would failﬂin its goal of exchange of useful information unless
the meeting aimed for discussion of work in classified areas. Thus, of necessity N
and by design, the meeting was organized on an entirely classified basis. It
could not have been held at all without the support of the Space Nuclear Propulsion

Office of the USAEC/NASA, headed by Mr. Harry B. Finger. His office undertook

iv




the security clearance responsibility for the meeting, and enthusiastically

.8 ;
supported the meeting in every other way possible. This Proceedings has been
published under the auspices of the SNPO, and was compiled by Mr. William Hanna

of that office.

We hope that the Conference served its major purpose; to acquaint the
legitimately interested technical community with the real state-of-the-art in
existing nuclear propulsion programs. It was noted that most of the papers came
from the USAEC National Laboratories, while most of the attendees came from the
nuclear and aerospace industries of the country. This is rightly so and emphasizes
the premise which initially suggested the meeting: That nuclear propulsion is
passing through a vigorous transition state from National Laboratory scale to
industrial sized development. Surely, unless such a transition continues, and it
is well along in the NERVA and RIFT programs, nuclear propulsion will not be able

to f£ill 1ts proper role in the era of space flight before us.

Altogether, about 215 papers were submitted. The majority of these were
classified and required security documentation as well as the careful record-keeping
employed to keep track of all papers. Pertinent papers were sent to each Session
Chairman, who alone had the responsibility for assembling his session. We owe a
debt of gratitude to these gentlemen. The major accounting and distribution job

of paper handling was done by Mildred Foglesong of the Los Alamos Scientific



Laboratory. Without her constant attention, careful work, and accurate records .
the Conference organization could not have functioned. Millie, we thank you.

And last, but of utmost importance were the pre-Conference activities of

Prof. Frank E. Faulkner of the U. S. Naval Postgraduate School, and the continual
efforts of the ARS Meetings Management Staff, particularly Mr. Rod Hohl, in setting

up housing, registration, and other necessary arrangements.

121‘1¢Jf, W, QiZ“(S1-y=Z

Robert W. Bussard
Program Chairman
Nuclear Propulsion Conference

For the Organizing Committee:

Robert F. Trapp (ANS)
Douglas Aircraft Company

Clare Stanford  (IAS)
Nuclear Division, Martin-Marietta Co.

Frank E. Rom (ARS)
Lewis Research Center, NASA
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THE NUCLEAR ROCKET PROGRAM - 1962 —
Harold B. Finger* [ ]

This country has committed itself to the most difficult and dramatic
technological undertaking ever attempted by man. I refer to the commitment
that has been made by the President, by the Congress in supporting the
President's recommendations, and by the people of the United States that we
intend to explore space and apply our scientific findings and the technologi-
cal developments for the benefit of all mankind. There is no question that
the benefits that will result from this program will make all of mankind the
winner.

As a result of the commitments mede, scientific information, techno-
logical developments, and consumer application of certain space systems have
been proceeding at an amazingly fast pace. Launch sites, Government labora-
tories, fabrication/assembly plants and tracking stations are being built;
large launch vehicles are under development; manned spacecraft with all of
the essential life support and guidance equipment are being developed, tens
of thousands of people and thousands of industrial, Governmental, university,
and non-profit institutions are involved in the over-all program. The program
to land men on the moon will cost in the neighborhood of 20 billion dollars
with another 15 billion over the next several years.

Obviously, such a major national commitment will go into a continuing
program beyond the presently committed effort aimed at early space objectives.
The achievement of even those early objectives is paced by the need to develop
new system hardware which in many areas goes beyond available technology. In
looking ahead at the missions and objectives we see beyond our early objectives,
we are determined that we must be prepared with the technology needed to per-
form any desired mission in space. We never again intend to be caught in the
position where there are missions we want to do, but for which the technology is
unavailable. It is our anticipation of even more difficult space missions than
those that have already been defined and programmed that mekes the nuclear pro-
pulsion part of our program an essential portion of our over-all space effort.
This importance was confirmed by the President over a year ago when he included
the Rover Program as one of four areas requiring increased emphasis in our
space effort. I am personally convinced that the major national effort now
being devoted to space achievements will go on to the establishment of manned
space laboratories, exploration bases on the moon and manned missions to the
near planets. The use of nuclear energy will be required in the vehicles
designed for accomplishment of these advanced missions. Our program antici-
pates such use, but it also recognizes that nuclear rocket systems developed
for advanced missions could be used with the large chemical rockets now being
developed to substantially improve the payload and energy increment capebilities
of these rockets.

This discussion is limited to the nuclear rocket program; however, it is
important to recognize that other nuclear systems required for advanced space
missions must be pursued actively to establish the technology in these other
areas, to evaluate the feasibility of these other systems, and to objectively
assess them on a technical basis in comparison with the nuclear rocket system.

*Director, Nuclear Systems, Natlonal Aeroﬁautics and Space
Administration and Mensger, Space Nuclear Propulsion Office
(AEC-NASA), U. S. Atomic Energy Commission (Washington, D. C.)
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There 1s no need for salesmanship in system selection for particular missions.
Rather, there is a need for objective evaluation of technology and mission
requirements to select systems which can perform, with greatest assurance,
particular missions in a given time.

Nuclear Rocket Characteristics and Performance Potential

In the muclear rocket system, liquid hydrogen is heated to high tempera-
ture in a nuclear reactor after having been pumped into the reactor from &
large liquid hydrogen propellant tank. The specific impulses these systems can
achieve, using solid core reactors, are in the range of 800 to 1000 seconds, two
to three times the specific impulses of chemical combustion rocket systems. The
development of the nuclear rocket involves major problems in reactor core
development. These will be discussed below. In addition, other significant
problems are development of liquid hydrogen cooled nuclear rocket nozzles and
control system analysis and development. Hydrogen turbopump systems of large
capacity will eventually be required for the nuclear rocket and, while not con-
trolled by feasibility or lack of basic data, are a major development area.

The nuclear rocket system performance potential is indicated in the next
two figures. Figure 1, familiar to many, indicates the vehicle requirements to
perform a menned, Mars landing mission. Calculations indicate & nuclear rocket
propelled spacecraft, weighing approximately a million pounds, assembled in an
earth orbit, can accomplish this mission with a 400-day total trip time. The
nuclear spacecraft would remain in Mars orbit until needed for return to earth
orbit while manned landing on Mars and return to the orbiting spacecraft would
use chemically propelled systems. A spacecraft weighing 10 million pounds
would be required to accomplish this mission using chemically propelled systems.
The performance advantages for such missions, we feel, justify our major effort
in the nuclear rocket program. Accomplishment of the first such mission using
nuclear rockets would pay for the development effort and the vehicle costs re-
quired to perform the mission. However, nuclear rockets developed for such
advanced missions could be used with large chemical rockets, now being developed,
to substantially improve the payload capability in near earth missions. This is
indicated in Figure 2 which shows performance of a nuclear propelled third stage
on the advanced Saturn C-5 vehicle. The Saturn C-5 vehicle, 33 feet in diameter,
uses five F-1 kerosene-oxygen engines to produce a 7,500,000 1b. total first
stage thrust. The hydrogen-oxygen second stage uses five J-2 200,000 1b. thrust
engines. The payload presented cen be placed into & lunar orbit, using these
first two advanced Saturn steges and the nuclear third stage. The payload
plotted as a function of the nuclear stage thrust ranges from something over
100,000 1b. to 130,000 1b. established in a lunar orbit. An all-chemical
advanced Saturn, using four stages, could deliver approximately 55,000 1b. to
65,000 1b. into this same lunar orbit. Incorporation of the nuclear third
stage substantially increases the peyload capability of the advanced Saturn
vehicle.

The lunar orbit payload is shown because lunar orbit rendezvous has been
selected as the technique to accomplish the manned, lunar landing. A single
advanced Saturn would be used during the initial landing mission to place the
Earth return vehicle and lunar landing bug in an orbit around the Moon. The
bug would land on the Moon and the men would then return to the orbiting return
vehicle, rendezvous with that vehicle, and return to Earth. Approximately
doubling the lunar orbit payload through the use of nuclear systems indicates
the potential of & direct flight mission using a vehicle such as the one shown
here. We anticipate that after the initial Moon landings, nuclear stages will
be used to perform lunar operation missions. The lunar orbit payload is also
of interest because of the potential advantages of a nuclear system as a
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reusable ferry between earth and lunar orbit. The nuclear vehicle, Initially
established in an earth orbit would transport passengers, equipment and supplies
to a lunar orbit. Transfer from lunar orbit to Moon's surface would be accom-
Plished by another vehicle. Return payloads would be taken back to earth orbit
by the nuclear vehicle. The system would then be refueled in the earth orbit
and reused.

This is obviously an advanced mission in that frequent nuclear stage reuse
and restart are required. Even the first lunar orbit mission indicated requires
nuclear stage reuse. At least two re-firings are required in the postulated
mission trajectory. The system is first restarted in the earth parking orbit
to achieve the lunar intercept trajectory and the second re-firing is needed to
establish the system in a lunar orbit. Almost every mission we postulate re-
quires restart of the muclear stage. Restart is, therefore, an important reactor
development program requirement.

The first nuclear engine, NERVA, will operate at a thrust at the low end
of the curve of Figure 2 corresponding to about 100,000 1b. lunar orbit payload.
It is conceivable that we will go to somewhat higher powers, as development pro-
ceeds, if the increased payload Justifies such power increases. We anticipate
that there will be major useful NERVA engine applications in missions related to
lunar operations.

These two figures have indicated performance potential we foresee in nuclear
systems. I have not indicated a need for extremely high power stages, although
such a need, we are convinced, does exist. High power 10,000 to 20,000 megawatt
stages producing 500,000 1b. to 1,000,000 1b. thrust would be required for second
stage applications with the NOVA type large chemical booster vehicles.

AEC - NASA Muclear Rocket Program

As you know, the development of nuclear rocket propulsion is being con-
ducted Jointly by NASA and AEC through the Space Nuclear Propulsion Office (SNPO).
The SNPO, organized in August, 1960, is responsible for managing all aspects of
the propulsion effort. This effort constitutes a large program, larger than any-
one would have hoped for, or expected only two years ago. But this is a logical
program with restrictions to assure satisfactory components before proceeding
with complicated systems. In addition, this is not a program to develop a single
article, but rather to develop a whole technology that will permit real explo-
ration and exploitation of space.

The major elements of the AEC-NASA nuclear rocket program are as follows.
The KIWI reactor testing will define a basic reactor configuration which will be
applied in the NERVA engine and engineered for flight applications in the NERVA
engine development. The NERVA engine, in turn, will be flight tested in the
RIFT stage which is intended to evaluate the flight operating problems of nuclear
rockets. The RIFT stage will be designed to consider eventual application in
useful space missions. In addition, we have our advanced technology program and
the major facilities required to perform all aspects of this effort. These are
the essential ingredients of the joint nuclear rocket program.

I would like to review each of these major areas to show how the program
fits together, the status of each major program element and our plans for over-
all system and technology development.



Reactor Development

There is no question that the major problem area is in the reactor. The
KIWI reactor project, conducted by the Los Alamos Scientific Laboratory, includes
design, fabrication, and test of reactors to define a basic rocket reactor core
configuration. The major reactor development problems, we anticipate, are high
temperature fuel element materials, uniform radial core tempereture, core structure
support, fast startup with combined power and flow control, and last but not
least, restart capability with the companion problem of controlled shutdown to
maintain core integrity. Since these items are self explanatory, I will proceed
to describe the reactor program being conducted to solve these problems.

The KIWI project began in 1955. The first three reactors tested in this
program were the KIWI-A reactors in Figure 3. The tests, started in 1959, were
conducted after extensive laboratory design analysis, materials investigations,
neutronic investigations, as well as fabrication development work. The three
KIWI-A reactor tests confirmed the design of these reactors, provided materials
information end some controls information. These were strictly research devices
not applicable to a flight system and for this reason the active core volume was
minimized. A central heavy-water island was incorporated in the system, and
water was used to cool critical non-nuclear components of the system, such as
the converging nozzle.

The KIWI-A reactor characteristics are compared in the table below with
the KIWI-B reactor characteristics.

KIWI REACTOR CHARACTERISTICS

KIWL - A KIWI - B
Power 100 MW 1,000 MW
Pressure Vessel O. D. T3 IN. .51 IN.
Power Density 4.25 MW/FTO 4.5 MW/FTS
Reflector Graphite Beryllium
Coolant-Propellant H, Gas Holiquid
Hydrogen Flow Rate 7 LE/SEC. 70 LB/SEC.
Exit Gas Temperature 3460° F 3600°F
Control System Center-Island Rotating
Axial Rod Reflector
Segment

The KIWI-B design is intended to evolve into the flight type system
required for the NERVA engine. The KIWI-B will have a tenfold increase in
power level over the KIWI-A, while reducing the outer core diameter. The core
power density is increased approximately eight fold and the pressure vessel O.D.
is reduced to 51 inches. Much of this size reduction results from replacing the
thick graphite reflector with beryllium. Hydrogen flow is increased and hope-
fully core exit temperature as well. In addition, the central-island exial-rod
control system was changed to the reflector control. .

The KIWI-BlA, first of the KIWI-B series, was tested in December 1961 and
a photograph is shown in Figure 4, The reactor has a cleaner configuration than
the KIWI-A. Since liquid hydrogen wes not yet available in the test cell, the
reactor power level was limited to approximately 300 megawatts due to the lower
heat removal capability of the gaseous hydrogen cooled nozzle. The December
test was terminated after 30 seconds of the planned five minutes run because of
a hydrogen lesk in the pressure vessel-nozzle flange seal. The data obtained
were encouraging, having indicated satisfactory fuel element operation and
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suitability of the reflector control system. The first liquid hydrogen tests
with the KIWI-B reactor were completed in July with & uranium-238 loaded reactor,
referred to as the cold flow reactor. In these devices, the system startup
relies upon the nozzle-reflector-core heat capacity to vaporize the liquid
hydrogen propellant prior to entering the core. Therefore the first ten seconds
of reactor startup can be investigated using a non-critical reactor system. The
purpose of the July tests were therefore to evaluate this initial startup period,
to determine the control system requiring hot operation startup and to check out
the facility. Both test operations provided the data required for the first hot
reactor operation with liquid hydrogen.

The KIWI-B1B was used for the first hot reactor run with liquid hydrogen.
During the September 1, 1962, test, reactor power exceeded 900 megawatts and exit
gas temperature was increased at a rate of 70°R/ sec. At approximately 700 mega-
watts, the core suffered damage and fuel element modules were ejected from the
nozzle at intervals. The reactor power continued to increase until fuel loss
forced the level down as the control drum limits had been reached.

Early in the start cycle, hydrogen pressure fluctuations were observed at
the pump outlet, however these fluctuations had ceased about ten seconds before
damage was noted. We believe these pressure variations resulted from an unchilled
bypass line at the pump outlet; however, pressure data indicated that the fluc-
tuations were well attemuated at the core inlet.

The results of the test indicate reactor startup with liquid hydrogen is
feasible and reactor power is stabiligzed by core hydrogen flow. The core dam-
age in the test confirmed our prior judgment not to select the KIWI-Bl design
as & candidate for NERVA application.

As indicated asbove, one of the major reactor problems is development of a
suitable core structural support. The fuel element work has been most promising,
but the method of retaining these elements within the core has not been selected
or proven by test. Several different reactor designs have therefore been de-
fined, aimed primarily at determining a satisfactory core support for the KIWI
reactor and one which may then be developed for core support in the NERVA flight
system.

Graphite is an extremely good high temperature material. It is not as
strong at low temperature as at high temperature and, in addition, it is stronger
in compression than in tension. The basic difference among our varying designs,
therefore, results from the fact that although the first design has the fuel
modules and structure intension, it is our intent in later designs to put the
structure, as much as possible, under compressive load.

The KIWI-B reactors that have been run to date utilized the KIWI-Bl core
design shown in Figure 5. This figure shows the reflector section with rotating
control drums, the outer pressure shell, the core, and the core support plate.
Core configuration detail is shown in the lower right sketch. It is an unfueled
graphite module containing fueled cylindricel fuel elements, each of which has
seven holes. A similar fuel module configuration was used in two of the KIWI-A
tests; however, the fuel elements in those tests were four hole fuel elements.
The modules are nested to form the reactor core and each is supported from the
top support plate by a hollow threaded bolt through which hydrogen may pass into
the central fuel element. The pressure drop resulting from the flow of hydrogen
through the fuel elements imposes a tensile stress in the module and in the
KIWI-A tests. Certain of these modules cracked and in one test three were dis-
charged through the nozzle. Although we have attempted to alleviate the problem
by keying the modules together at the core discharge end, the basic reason for
module failure has not been uncovered in laboratory tests. Primarily for this
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reason, we are not depending on the KIWI-Bl design. However, retest of the
KIWI-Bl was plenned because the hardware was availeble and we believe that ligquid
hydrogen startup information obtained from this design is applicable %to startup
of the other designs.

The next three reactors to be discussed, KIWI-B2, KIWI-Bi and KIWI-B6, are
designed to place most of the core graphite components under compressive load.
The KIWI-B2 reactor shown in Figure 6 uses a modular core structure similar to
the KIWI-BL. However, rather than depending upon the cold end support shown for
the KIWI-Bl, a solid graphite block is used at the discharge of the reactor to
support the unfueled modules. The fuel elements themselves pass through holes
bored in the graphite support block. Design problems include maintaining the
geometric stability of the graphite block and limiting thermal stresses at the
block edges to acceptable values. This is, however, one of the designs that we
plan to test early next year.

At the present time, the KIWI-BL design, shown in Figure 7, is the prime
candidate for adaptation to NERVA requirements. It involves a compressive graphite
system and a different fuel element configuration. The KIWI-B4 has a homogeneous,
fully loaded core rather than the heterogeneous system of the Bl and the B2. Six
hexagonal fuel elements are clustered about an unloaded graphite rod as shown at
the top right of the figure. These are held together by a cluster retaining
plate and suspended from the top support plate of the reactor by a bolt which
passes through the fuel element cluster to graphite support blocks at the bottom
of the core. The pressure loed from the flow through the reactor puts a tensile
load on this steel support rod, but the fuel element cluster is in compression,
bearing against bottom support blocks. Hydrogen cools the central support rod
and a pyrolytic graphite tube, surrounding the rod, insulates it from the fuel
elements. The greater fueled graphite volume in this core design gives us, we
believe, higher power potential than thet required for NERVA. Part of this po-
tential mey be used to attain higher NERVA system temperatures than indicated
earlier, since impulse has a greater effect than power level on performance in
most of our missions. The final reactor design, now being prepared, is the
KIWI-B6 reactor and is shown in Figure 8. Comparatively new to the program, the
design is made feasible by the development of pyrolytic graphite components which
provide good insulating properties. A hydrogen cooled febricated support plate
will be used in this design to support the reactor core. Hydrogen from the nozzle
coolant tubes will cool the plate and will then flow to reflector inlet channels.
One KIWI-B6 design problem is the transition of core flow passages into the
limited number of pass-throughs in the hydrogen cooled bottom support plate.

For this reason, 19 fuel elements are included in the fuel cluster. This design
has not progressed much further than the conceptual design phase and is the
responsibility of Los Alamos. However, it will be worked on jointly by Los
Alamosg, Aerojet and Westinghouse.

KIWI project accomplishments include:

a. satisfactory fuel element developed,

b. uniform reactor core radial temperature demonstrated,

c. combined power and flow control using gaseous hydrogen
demonstrated,

d. startup data obtained with liquid hylrogen in hot reactor test,

e. high heat flux nozzle proof tested,

f. hydrogen turbopump for Test Cell A acceptance tested and
operated on cold flow reactor test, and

g. three KIWI-B core structural support designs completed and
reactors fabricated.




We believe that we have gone a long way toward developing a satisfactory fuel
element. We have not yet operated at the powers or the durations that we intend,
nor have we restarted the system at desired power and temperature. However, all
laboratory tests indicate the fuel element should operate satisfactorily for a
limited number of restarts at KIWI and NERVA design temperature and power density.
Core temperature distribution has proven to be remarkably uniform, an important
requirement for these high temperature systems. We have obtained, as I indicated,
startup data with liquid hydrogen during both cold flow and hot reactor opera-
tions. The KIWI-B nozzle has been proof tested with a hydrogen-oxygen combustion
chamber and has operated satisfactorily during the KIWI-B1B test. It is extremely
important to recognize that much has been accomplished in the KIWI project. Many
DProblems were encountered; many have been solved; others still exist to be solved,
but we are confident that these too will be solved. Several designs are being
worked on and out of these at least one will have sufficient design margin to
provide a satisfactory reactor for the KIWI - NERVA system.

NERVA Project

Even after accomplishing the obJjectives of the KIWI program to define a
basic reactor core configuration to be used in the NERVA engine, considersble
engineering work will be required to provide a reactor suitable for the flight
loads that will be experienced during flight operation of the NERVA engine.
Although it had been our intent to demonstrate the suitability of a reactor de-
sign, delays that have been encountered in obtaining necessary reactor date have
led to a different approach. We have tentatively selected KIWI-B4 as the most
promising reactor for application in NERVA. We have instructed our contractors,
Aerojet and Westinghouse, to proceed with design and fabrication of NERVA re-
actors, based on this B4 design, suitable for meeting the flight loads to be
experienced in NERVA. In addition, our contractors are proceeding with design
evaluation of KIWI-B6 for possible application in NERVA. We have greater over-
lapping and anticipation of results than we had planned in order to keep the pro-
gram moving on as rapid a pace as is practicable. This does involve greater risk
of funding and manpower use and from that point of view involves a greater gamble
than we had originelly proposed. The engineering development will have to be
conducted by Westinghouse as the principal Aerojet subcontractor. This engineer-
ing development is due to the higher loads to be experienced by the NERVA engine
reactor as compared to KIWLI reactors design loads.

Some of the modifications required to meet these load specifications are
shown in Figure 9 which is a drawing of the NRX-A, the designation for the NERVA
version of the KIWI-B4 reactor. Lateral support must be provided to the reactor
because side loads will be imposed during the handling and launch phase of the
flight operation prior to reactor startup. The lateral support system is shown
as a series of 3x3 pyrolytic graphite blocks which are spring loaded against the
core to retain it as a fairly rigid package. Lateral support design is compli-
cated by deflections on the fuel element clusters due to the side loads. These
deflections cause shifting of one fuel element cluster against the next and ex-
cessive friction between these clusters would cause binding and prevent freedom
of expansion, leading to possible fracture.

A shield contained within the pressure shell will be required in the flight
system to attenuate radiation energy leak’ng from the core by an order of magni-
tude to reduce propellant heating in the tank. This shield will be evaluated
first during the KIWI-B5 reactor tests. KIWI-B5 is a KIWI-B4 reactor with a
shield.

Extensive system design and analysis and component research and development
for the NERVA engine system will be in process during the KIWI-B and NRX reactor
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testing. Based on work done to date, estimated performance characteristics of
this engine are presented below.

Estimated Nuclear Engine Performance Cheracteristics
(Hot Bleed Cycle)

Thrust LBS 54,600
Pressure, Chamber PSIA 550
(Nozzle Inlet)
Nozzle Expansion Ratio 4o:1
Specific Impulse, Steady State SEC 780
Flow Rate, Propellant LB/SEC 70
Temperature, Core Exit Gas Op 3,630
Weight, Engine Dry LBS 13,750

You will note that the engine weight is high, but the high specific impulse com-
pared to chemical combustion systems more than compensates for the comparatively
high engine weight in the lunar and planetary missions which we intend for the
nuclear rocket.

A full scale mockup of the NERVA engine is shown in Figure 10. Here you
see the reactor, reactor control drums actuators, liquid hydrogen cooled nozzle,
the thrust structure, and the large spheres which accumilate high pressure gas
during operating cycles to provide pneumatic gas for actuator power during engine
restart operations. The over-all engine stands approximately 25 to 28 feet tall.
The tank shutoff valve and the gimbal bearing are located in the inlet duct with-
in the upper thrust structure. The turbopump system is located in the duct region
downstream from the gimbal. The gas used to drive the turbine is exhausted
through the roll control nozzles.

Although we have authorized our industrial contractors to proceed with
NRX-A reactor fabrication, a basic guide line in the program still requires that
successful reactor operation with liquid hydrogen be achieved prior to the
initiation of the major non-nuclear hardware procurement and development on both
the engine and the RIFT vehicle. Nevertheless, through analysis and tests, very
important fsbrication and operating data have been obtained on the NERVA nozzle,
methods for bleeding gas for turbine drive fluid, engine control, turbopump
operation, snd development of temperature, pressure and flow sensors for the
control system. Work will be continued on non-nuclear component areas con-
sidered to be major problems in the nuclear rocket system. It is intended that
sufficient component and radiation effects information be available before assem-
bly of the first engine to give the greatest possible assurance that the first
engine will operate satisfactorily end that the difficulties encountered will
result from those component matching and integration problems which cannot be
setisfactorily evaluated with prior tests and analyses. The difficulties of con-
ducting nuclear rocket engine system tests require that careful experiments and
analyses be conducted prior to such tests to insure the greatest probability of
success. A trial and error process in this area will not provide a developed
engine in the time that we have allocated for the progrem.

RIFT Project

We have already initiated efforts required to develop the RIFT stage
which will be used to flight test the NERVA engine. Lockheed has been selected
for that contract work. The principal objective of the RIFT Project is to flight
test the NERVA engine and obtain information on the operation of a nuclear rocket

system in the space flight enviromment. In addition, it is intended that these
RIFT tests provide data necessary for the development of an operational stage.
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They, therefore, constitute the first flights in the development of an opera-
tional vehicle. For that reason, the RIFT stage has been designed, primarily,
for the flight test objective in mind, but it is geometrically configured with
consideration of optimum escape payload when used as a third stage on the
advanced Saturn vehicle. The RIFT project does involve certain unique problems
in cryogenic systems, radiation effects, nuclear hazards, weight distribution
and start, restart and cool down operations.

Although chemical combustion systems also use cryogenic fluids, the nuclear
rocket does involve new cryogenic problems. For example, the RIFT stage will
involve the design, fabrication and operation of the largest liquid hydrogen
propellant tank planned on any of our vehicles. MNuclear rocket operation is
complicated by the radiation effects imposed on the components of this system.
Whete hydraulic actuators have worked effectively in all other chemical systems,
electropneumatic systems will be required in the muclear rocket, and most of the
electronic gear, cable, and other components for the system will have to be
evaluated under radiation environment conditions. In addition, the nuclear hazards
of operating the RIFT project and the effect of follow-on operational use on the
RIFT program safety design will be considered. The weight distribution is differ-
ent, largely because of the massive weight of the nuclear engine. The startup,
restart, shutdown and cool down of this system provides unique control require-
ments on the vehicle and also unique trajectory and guidance requirements.

A drawing of the RIFT stage is shown in Figure 11. The stage will stand
approximately 86 feet tall. The nose cone that will be included in the flight
test system will add an additional 54 feet to this height. The diameter of the
stage is 33 feet, which is the same as the diameter of the first two stages of
the advanced Saturn. The total stage weight is 200,000 pounds, with a hydrogen
propellant capacity of 156,000 pounds. The configuration of the entire RIFT
vehicle is shown in Figure 12. The total height of the vehicle will be 364 feet.
The first stage will be the S-1C stage, which I discussed above, and which has
a take-off thrust of 7-1/ 2 million pounds. A water filled dummy stage will be
used in place of the S-2 stage in order to provide reasonsble acceleration to
the RIFT stage.

It is now planned that four flights will be conducted with the RIFT stege.
The first flight will be a cold flow test and will involve operation of the engine
in the manner similar to that conducted for the KIWI test this past July. The
first flight will, therefore, evaluate the initial startup of the nuclear system,
but it will be conducted with the reactor fueled with uranium 238 so that there
are no criticality or safety operating problems associated with that first flight.
Such a flight is also required in order to checkout the dynamics of the entire
booster vehicle system and the telemetry system.

The second flight trajectory, with one nuclear thrust period, is depicted
in the next two figures. Figure 13 shows the trajectory plot in relation to
surrounding lend masses. The take off will, of course, be in Canaveral. The
first stage after cutoff will impact in the ocean approximately 450 nautical
miles from Canaveral and impact of the RIFT stage will occur approximetely 2,400
nautical miles downstream in the Atlantic Ocean. The altitude and range co-
ordinates of the second flight trajectory are shown in Figure 14. The first
stage, S-1C booster, will cutoff at approximately 60 nsutical miles and will
impact, as I indicated above, about 45Omutical miles from the launch point.

The second, or nuclear stage, will be brought up to full power after this cutoff
and will operate for approximately 12 to 1300 seconds, cutting off at 1500 miles
ra.n%e with impact at the 2400 miles range. The total flight time will be 2000
seconds.

I have indicated here our plans for the second flight involving a single

operating period. Consideration is now being given to mutiple operating periods
for the third and fourth fiight. I should point out that these miltiple
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operating period flights have not yet been definitely established, especially
in view of the fact that the reactor operation with restart has not yet been
evaluated. The data obtained during the reactor operation will significantly
affect the kind of flight mode we establish for this system.

It is important to recognize that we have limited the RIFT project to
these first four flights and fully expect that beyond this time we will con-
tinue with the flight testing of the vehicle. At that time, however, we expect
that the program will no longer be the Reactor-In-Flight-Test program, but will
become the program aimed at the development of an operational vehicle.

I have just described the AEC-NASA Nuclear Rocket Program and where we are
in 1962. The program began in a Laboratory seven years ago. Now, with our major
contractors selected, we have large scale industrial participation. We have a
total progrem consisting of reactor, engine, and stage development efforts to
demonstrate the practicability of nuclear flight. We also have advanced research
and technology efforts to provide techniques needed to perform useful missions
wilth nuclear rockets. We have progressed to full scale reactor testing at approxi-
mately design power level. The testing pace will increase since our second test
cell is almost available, the KIWI reactor pipeline has reactors available for
testing and NERVA reactor tests are scheduled to begin within a year. We have
achlieved several important technological milestones. We feel that we have the
fuel element required for the first engine program and we have shown that rocket
reactors can be started and operated using liquid hydrogen coolant without signi-
ficant control problems. Many difficult problems remain before a nuclear rocket
engine is developed, but we will be ready when the need arises for nuclear rockets
to propel sustained luner exploration missions and manned flights to the near
planets.
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CRITICALITY AND NUCLEAR CHARACTERISTICS OF THE
KIWI-A SERIES OF NUCLEAR PROPULSION TEST REACTORS

J. C. Hoogterp \%*S\

J. D, Orndoff
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

I. Kiwi-A Reactor Objectives.

The "A" series of three Kiwi nuclear propulsion test reac-
tors forzﬁgperiments at the Nevada Test Site contained a uranium
(93.2% U““Y) 1loaded graphite core, a graphite reflector and a
Dy0 island. Boral rods in the D50 served as control. The core
heat exchange medium was gaseous hydrogen.

The aim of the test reactor was to provide as inexpensively
as possible, a temperature and environment suitable for core
material testing, (instead of simulating a flyable reactor).
Secondary goals were to check computed temperature effects on
neutronics and to gain experience in reactor testing. The pur-
pose of the D20 island within the core was to reduce fuel volume
and simplify control.

In the interest of early results, Sompromise test conditions
were set at a power density of 12 Mw/ft“, with maximum power at
100Mw, and exit gas temperatures in the neighborhood of 2000°C.

II. Mockup Studies.

At the beginning of the Rover Program, in 1954, basic criti-
cal information was needed for dimensioning preliminary reactor
designs. So the earliest critical assemblies at the LASL Pajar-
ito Site constituted a survey of the dependence of critical size
on parameters such as fuel loading, core density, island size
and reflector. When approximate design conditions were esta-
blished, there followed crude simulations of vessel walls, insul-
ating layers and controls. These assemblies were set up in the
"Honeycomb" machine (Figure 1), which sacrificed geometric per-—
fection for flexibility and had fuel regions made up of long
sandwiches of graphite plates and enriched-uranium foils.

As design progressed to the point that more detailed neu-
tronic information was required, measurements shifted to a "ZEPO"
mockup (Figure 2) with a precise but inflexible geometry. Here
the emphasis was on detailed fuel loading for favorable power
distribution (allowing for computed differences at operating
temperatures), and establishing a control and safety system with
suitable characteristics.
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In Zepo-A, the mockup of Kiwi-A, structures were realistic,
except that uranium foil and graphite plates first simulated all
the loaded graphite fuel (Figure 3). Later, reactor fuel plates
were substituted in portions of the assembly. Zepo-A' mocked up
the Kiwi-A',-A3 modular core design with fuel-rods appropriately
distributed in a graphite matrix (Figure 4).

The 18 different critical configurations assembled on
Honeycomb are described in Table I. The first seven oﬁaghese
assemblies were slanted toward variation in carbon: U ratios.
The next three rather clean systems were designed as checks for
computations. Assemblies 11, 12 and 13 gave critical data on
cores of near minimum volume. The balance of the Honeycomb assem-
blies approached the realistic reactor design.

Kiwi-A design was based on Honeycomb Assembly A-18, with
Zepo-A establishing the final fuel loadings and control proper-
ties.

In Kiwi-A, fuel loadings were adjusted radially to compen-
sate for most of the flux peaking neaﬁsghe Do0 island and gra-
phite reflector. As established by U activation measurements
in Zepo-A and computed effects of temperature chang§35fue§—p1ate
loadings in this reactor ranged from 60 to 300 mg U /cm® .

For Kiwi-A' and-A3, flow-channel sizes were varied radially
so that only 3 loading gradations were required for a nearly
flat radial temperature profile under operating conditions.

Table III gives fuel loadings for these reactors, and
Figure 5 shows typical application of corrections to convert a
Zepo power distribution to that expected for the hot reactor.

II1. Features of The Test Reactors.

General design features of the three reactors is typified
by the schematic of Kiwi-A in Figure 6. 1Identical pressure
shells were water cooled. Reflectors were 14" thick graphite
annuli with ~ 5% of the volume occupied by coolant channels for
a bypass stream of hydrogen. Graphite wool served as thermal
insulation between the core and island and core and reflector.
The double-walled island container was cooled by rapidly circul-
ating Dq0.

The boral control and safety rods moved lengthwise within
the D50 island. The controls consisted of six ganged rods
(shims) and a vernier rod. Four additional safety rods were
adequate to maintain the reactor subcritical for any positioning
of the control rods. Figure 7 summarizes integral control rod
calibrations for the three reactors.

The core of the Kiwi-A', -A3 reactors (Figure 8) consisted
of 126 modules which were 45" long and supported at the cold end
of the reactor by tie rods. Each module contained 7 stacks of
fuel elements. For these reactors, the island, core and reflec~
tor liners were coated with a thermal insulating paint.

IV. Reactor Test Results.

Each test reactor was assembled at Los Alamos and operated
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Figure 3. Zepo mockup of Kiwi-A "Whim".

g,
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-

Figure 4. Zepo donut mock-up of Kiwi-~A'-A3 Module geometry.
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20— Excess Reactivity and Typical Safety ]
o Control for the Kiwi-A Series of
18— . _
Propulsion Test Reactors
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Figure 7. Integrated Values of Kiwi Control. *
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Figure 8. Kiwi-A',-A3 Fuel and Module Design.
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at low power to confirm proper control characteristics and the
desired power distribution.

The reactor power was calibrated as follows. Just before
disassembly of the reactor, the fuel was activated by low-level
operation. Afterward, Y-counts of fuel elements established the
relative fissions distribution throughout the core. Radiochem-
ical analysis of several elements placed this distribution on an
absolute scale, so that the total number of fissions in the core
was obtained and related to the response of auxiliary radiochem-
jcal samples. Similar samples then could carry this power cali-
bration over to NTS instrumentation.

At NTS three sets of counters with overlapping ranges
carried the low-level power calibration to the required 100Mw
operating range. Enriched uranium fission chambers were used
from zero to about 10 watts of reactor power, compensated ion
chambers covered the intermediate range, and uncompensated 102
chambers about 400 feet from the reactor registered from ~ 10
watts to full power.

As an illustration, Figure 9 combines records of control rod
position, reactivity (reconstructed), and power for the Kiwi-A'
high-temperature run. Conditions at full power, i.e. power
values, hydrogen flow rate, and exit gas temperature, are sum-
marized in Table IV for the three A-type reactors.

In Table V are values of available and utilized excess re-
activities, plus a breakdown of the latter for the three power
runs.

Kiwi-A had the mishap of losing the island closure plate
and the graphite wool around the island during the high power
run. Kiwi-A' lost segments of three modules and all the fuel
elements in these modules. Modules in Kiwi-A3 were cracked but
the reactor held together for the duration of its test.

Erosion in fuel plates of Kiwi-A was severe in the hottest
section of the reactor. This plate erosion cost ~ 4.00$ in
reactivity. Niobium coating of the flow channels in the Kiwi-
A'-A3 reactors reduced fuel erosion to a negligible amount.
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Table IV

Results of the "A" Series Tests

Kiwi-A Kiwi-A' Kiwi-A-3
Date 7/16/59 7/8/60 10/19/60
Duration at full power, seconds 301 346 259
Thermal power, average Mw 74 90.3 114
Thermal power, peak Mw o 77 105. 118
Exit gas temperature, Av “C 1543 1960 1949
Gas flow rate, pounds/second 7.1 6.7 8.5
Table V

Available and Utilized Reactivity for
"A" Series Test Reactors ($)

Kiwi-A Kiwi-A' Kiwi-A3

Available Control Excess Reactivity
from cold critical (Estimated) 10.6 10.2 8.85

Reactivity contributed by
Hydrogen Propellant 0.1 0.2 0.2

Total Utilized Reactivity as indi-
cated by Control withdrawal 7.2 7.5 7.7

Reactivity utilized by Reactor
Temperature Coefficient 1.4 6.2 6.2

Reactivity Utilized by Reactor
parts losses 1.2 0.6 ———

Reactivity Utilized by Reactor
Core Corrosion 4.0 Negligible ——

Residual Reactivity Difference
Post run cold minus Pre Run Cold 5.7 1.00 1.3
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NEUTRONICS OF KIWI-B NUCLEAR PROPULSION REACTORS é Nj j
H. H. Helmick and J. D. Orndoff
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

The Kiwi-B series of Rover reactors, the second phase of the
Kiwi program, is aimed at developing a reactor design suitable for
flight application. The initial design of the Kiwi-B series called
for a beryllium-reflected graphite-moderated core, rather than the
graphite reflected graphite-moderated core containing a DoO island,
as in the Kiwi-A reactors. Stages in the neutronic studies for
the design of Kiwi-B type propulsion reactors consist of: (a) pre-
liminary critical mockups in the Honeycomb assembly machine to
establish gross features; (b) refined mockup studies with Zepo
(zero power) assemblies to determine control characteristics and
suitable U loading distributions; and (c¢) cold critical measure-
ments on the reactor itself to confirm its characteristics,
particularly to provide improved power distribution estimates for
specification of flow-passage orifices.

The Honeycomb assembly machine, in which critical surveys
were conducted consists of a matrix of 3" square aluminum tubes
which assemble into a 6' cube. The fuel region of the mockups
was made up of .002" and .005" enriched uranium (oralloy) foils
placed between 0.28" thick graphite plates and inserted in the
3" x 3"